Between the 1930s and the 1960s some 26 000 samples were collected during the initial delineation of the diamondiferous raised beach deposit along the 100 km coastal strip north of the Orange River mouth. The delineation took the form of 1 m wide coast-perpendicular trenches sampled at 5 m intervals, resulting in a sample support size of 5 m 2 (1 m × 5 m). These trenches are mostly spaced 500 m apart along the coast (Figure 1 ). Detailed logging and record keeping of the exact locations where diamonds were found are preserved in hand-drawn trench sections. During this delineation trenching campaign, six raised beaches, A-to F-beach, were identified, with the A-beach closest to the present-day shoreline and the F-beach the furthest inland.
The Namibian diamondiferous marine placer has been studied extensively over the past 80 years to develop solutions for mining and sampling challenges. The types of studies include (a) statistical modelling of stone count distributions per sample; (b) using mixed distributions to describe the occurrence of diamonds in trapsites; (c) investigating the relationship between geology and sample grade; (d) determining an optimal sample size using a preselected sample zero proportions (Z p ); (e) determining optimal sample sizes, and more. A summary of these studies is given below.
The grade valuation of diamond populations is governed by two aspects: the number of individual stones per sample and the size Using the proportion of barren samples as a proxy for minimum grade in a diamondiferous linear beach depositan application of the Nachman model by J. Jacob* Over the past 80 years, the Namibian diamondiferous marine placer has been studied extensively to develop solutions for mining and sampling challenges. The types of studies include the statistical modelling of the distributions of the stone counts per sample; investigating the relationship between geology and the grade distribution; assessing the quality potential of the entrapment of the available diamond pulse; using predetermined acceptability of barren samples (zero proportion (Z p ) samples) to model distributions; optimal sample sizes; and more. During early-stage project evaluation it is more important to find out if a particular area is likely to be above a specific cut-off grade than to focus on sampling for the purpose of accurate resource estimation. Previous work using mixed Poisson and Sichel distributions to model the abundant onshore diamond data has been very successful in modelling the longtailed nature of these linear beach deposits. The means of these distributions are, however, sensitive to extreme values. Technical and cost constraints prevent a similar scale of sample collection in an adjacent, geologically equivalent, submerged beach environment. A method not sensitive to extreme values is thus required to make early-stage assessments of the likelihood that the grade of a particular target is above a minimum cut-off grade. The Nachman model describes the functional relationship between the mean population density and proportion of barren patches (Z p ) in a patchy environment. A prerequisite for using the Nachman model is that the underlying data must be modelled using a negative binomial distribution (NBD). The case study data is from an analogous area adjacent to the exploration target and meets the NBD requirement. It is thus appropriate to apply the Nachman model. The Nachman model provides an opportunity to use the observed Z p to predict the mean grade for an area at the very early stage of an exploration project. In future, early-stage exploration data from a homogenous geological zone exhibiting characteristics of the Nachman model assumptions can thus be used to rank and target those areas that show potential to be above the minimum required grade cut-off for follow-up sampling and inclusion in the mine planning cycle. diamond sampling, marine placer, diamond distribution, Nachman model. (Sichel, 1973) for the number of stones is given by:
with K (.) the modified Bessel function of the second kind of order , with = r 1 2 , and where r -is the average number of stones per sample.
The expected frequencies are calculated from the recurrence formula:
starting with the first two frequencies:
Sufficient samples are required to define the parameters of the distribution in order to determine the estimated proportion of barren samples, ^( 0), and the mean r with reasonable confidence. Once such a distribution has been fitted, the mean and associated confidence limits can be determined.
Diamond (discrete particle) concentration in a marine placer environment is influenced by the quality of diamond pulses available to be concentrated and the quality of the trapsites. A concept of regionalized potential described by Kleingeld (1987) combines the impact of dependent factors influencing diamond concentration. The geological processes at play during diamond deposition are complex. One scenario could be that a diamond pulse containing a relatively high proportion of diamonds is deposited over an area with poor trapsites. A different scenario could be that a high diamond content pulse of gravel is deposited over an area with good trapsites, but that subsequent marine reworking processes could have removed diamonds from these trapsites. The model developed by Kleingeld (1987) makes use of the hypothesis that the number of particles within any region is considered to be a sum of Poisson pockets, with the particles per trapsite randomly distributed.
Kleingeld (1987) used (r)= 0 P(r| )f( )d , with P(r| ) a Poisson and f( ) a gamma distribution function, to model the number of particles per sample and the distribution of the trapsites. Kleingeld concluded that when applying Sichel's model, ^c an be estimated with some degree of accuracy only by using large numbers of samples so that a good statistical chance exists for encountering the richer trapsites. Also, through exhaustive testing, Kleingeld determined that using the Z p of samples and the mean to determine the Sichel distribution parameters is far superior to using the method of moments.
With r -the sample mean and (0) the sample Z p , ^a nd ĉ an be determined from:
For early-stage exploration decisions, when only a few data points are available, it will be challenging to model the Sichel distribution with confidence.
The complexity of diamondiferous marine placer geological models cannot be overstated. Oosterveld et al. (1987) made an attempt to determine the relationship between the geology and statistical parameters obtained from diamond sampling for the diamondiferous marine placer of southwestern Namibia. It was found that those highly complex geological controls influencing the distribution of diamonds could only be described in broad terms by the statistical parameters. For this reason, blocks up to 5 km in length along the coast were estimated (Oosterveld et al., 1987) . The large blocks were subsequently sub-blocked into 500 m lengths situated between 1 m trenches and 100 m to 300 m widths perpendicular to the coast. Two smoothed parameters of the Sichel distribution are used as follows: the contribution is associated with the quantity of trapsites and the contribution with the abundance of diamonds in trapsites (i.e. the quality of trapsites). Oosterveld et al. (1987) stabilized the term by smoothing / 1-along the coastline with a moving average, based on groups of at least 50 samples. The parameter is calculated with fixed a priori. The estimation of Sichel's mean (Sichel, 1973) et al. (1987) related the smoothed parameters to broad-scale geological observations, diamond pulse, and footwall conditions determining the abundance of trapsites. It was concluded that the highly complex geological controls influencing the spatial distribution of diamonds could only be modelled in broad terms by the statistical parameters (Figure 2) .
A challenge that exists prior to the modelling of the individual stone data is the decision about an appropriate sample support size for data collection. In determining a sample size, Sutherland and Dale (1984) developed an approach based on Sichel's mixed Poisson distribution, where an acceptable sample Z p is preselected. Based on assumptions about the underlying probability distribution and mean number of stones per sample, a minimum sample size can be determined. In early-stage resource exploration, prior to sufficient number of samples being available, it is difficult to quantify the mean value r -of the target. If, however, a reasonable value for r -can be determined early on in a project, then Figure 3 (after Sutherland and Dale, 1984 ) is very helpful in determining a minimum sample size. This approach does not, however, guide early-stage decisionmaking regarding continuing with or abandoning an exploration target when there is still insufficient data available and the mean and tail of a target's distribution have not yet been well established.
The application of Pierre Gy's sampling formula to express the sampling error when a volume of material is considered is used by Royle (1986) in an alluvial diamond deposit example. The formula makes use of the physical characteristics of the material being sampled, with the mean squared sampling error expressed as:
with c = D m ⁄a, D m the density of the mineral, a the proportion of the mineral, f a shape factor, l expressing liberation, g a size range factor, d the mesh size, A the mean value of the sampled material, and M the mass of the sample. Royle (1986) outlines detail regarding values to be used for these constants.
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From an indication of the expected grade of a deposit, or making use of a minimum economically required cut-off grade, the sample error can be determined. By changing the sample volume and making use of an assumed 1.96 e, the error variance can be used to adjust and express 95% confidence limits for the mean value of the material.
Royle (1986) notes that Gy's formula gives an order-ofmagnitude sample size and that, if possible, larger samples would be better. Of utmost importance, however, is the fact that no mathematical or statistical procedure can improve poor quality samples. All effort should be focused on ensuring sample integrity and minimizing the introduction of sample error.
Technical and cost constraints will always be present in exploration efforts targeting diamondiferous submerged beaches. During early-stage project evaluation it is more important to find out if a particular area is likely to be above a selected cut-off grade than to focus on sampling for the purpose of accurate resource estimation. Previous work on statistical distributions of diamonds was based on abundant onshore data, which has been used very successfully in modelling the long-tailed nature of these linear beach deposits. Technical and cost constraints militate against using a similar sampling campaign in a geologically equivalent submerged beach target environment. A method not sensitive to the occurrence of extreme values and reliant on less data is thus required in order to make early-stage assessments as to the likelihood that the grade of a particular target is above a certain cut-off grade. Nachman (1981) described the functional relationship between the mean population density and the proportion of unoccupied (mite-free) patches (Z p ) in a patchy environment, as initially applied to mite counts observed on cucumbers in glasshouses. The Nachman model assumes that the underlying population follows a NBD distribution. Plotting the following transformations against each other shows a linear relationship between the mean discrete counts and the zero proportion.
Mean number of occurrences (m) transformation: log (m) This linear relationship can then be plotted and used to predict the mean of the data based on the observed Z p .
As discussed previously, the Sichel distribution fits the longtailed linear beach data reasonably well. Looking at the 26 000 sample results per trench spaced at about 500 m intervals along the 100 km long coastal strip (discarding any grouping containing fewer than 30 samples, where a grouping represents a section of the beach covered by a trench), the two-parameter NBD also shows a reasonable good fit to the data (Figure 4) .
The two-parameter NBD depends on parameters and p (Kleingeld, 1987) with the probability density function given by:
The mean m and variance 2 can be determined from its moments (Kleingeld, 1987) : from which The assumption required for using a Nachman model, that the data can be modelled by a NBD, is thus valid. For this reason it is thus reasonable to use the Nachman model to guide exploration effort based on the Z p of data collected.
Recognizing that there would be measurement error in both Z p and the mean, a Deming regression (Deming, 1943 ) is fitted to the Nachman-transformed data (Figure 5a ). The regression line is subsequently shifted by changing the yaxis intercept in such a way that 95% of the data falls above it (Figure 5a ). The back-transformed Deming regression line (Figure 5b) illustrates that if, for example, Z p is equal to 0.60 then 95% of the data will be above a mean of 0.67 stones per 5 m 2 . Based on these results it is perhaps thus not surprising that more than 95% of the onshore diamondiferous raised beach deposit along the 100 km strip north of the Orange River mouth has been mined out to date, because it is above the cut-off grade of 0.05 stones per 5 m 2 . An application of this method applied to limited submerged beach data is shown in the Appendix.
Previous publications (Sichel, 1966; Sutherland and Dale, 1984; , Sichel, 1987; Kleingeld, 1987; Oosterveld et al., 1987) described diamond distributions using variations of the mixed Poisson model. The means of these distributions are, however, sensitive to extreme values and many data points are needed to stabilize the results.
The Nachman model (Nachman, 1981) describes the functional relationship between the mean population density and proportion of unoccupied patches (Z p ). In the case study, the available analogous data from an area adjacent to the exploration target can be modelled using a NBD. It is thus reasonable to apply the Nachman model. The Nachman model approach provides an opportunity to use the proportion of barren samples to predict the mean grade for an area during the very early stage of an exploration project. In future, earlystage exploration data from a homogenous geological zone exhibiting characteristics associated with the Nachman model assumptions can thus be used to rank and target those areas that show potential to be above the minimum critical grade cut-off for follow-up sampling and inclusion in the mine planning cycle.
Comparing Sutherland's approach for determining a minimum sample size using a preselected sample Z p and mean (Figure 3 ) and the outcome of applying the Nachman model (Figure 5 ), the following is observed: Owing to a process of beach accretion (Jacob et al., 2013) , areas previously not accessible for sampling could recently be sampled. Figure A1 shows a NBD distribution fitted to 613 sample results from beach accretion areas. The 613 sample results are spatially grouped into 13 groups. Each group contains a minimum of 40 samples ( Figure A2a ). Figure  3) . Since the Nachman model results are based on actual empirical data, it is deemed more appropriate compared to the theoretical Sichel model results. This affirms the use of the Nachman model's Z p to predict a potential minimum grade based on samples.
As more sample data become available the application of the Nachman model to predict a potential minimum grade will be assessed and used.
